␤-Lactamase production was investigated in cultures of 25 Klebsiella pneumoniae isolates isolated at a hospital in Durban, South Africa, in 1994 and 1996. Twenty of these isolates gave ceftazidime MIC/ceftazidime plus clavulanate MIC ratios of >8, implying production of extended-spectrum ␤-lactamases (ESBLs), and DNA sequencing identified an ESBL gene (bla TEM-53 ) in a further two isolates. Pulsed-field gel electrophoresis (PFGE) defined 4 distinct strains among the 12 isolates collected in 1994 and 9 distinct strains among the 13 isolates collected in 1996. In three cases, multiple isolates from single patients varied in their PFGE profiles and antibiograms, implying mixed colonization or infection. Isoelectric focusing and DNA hybridization found both TEM and SHV enzymes and their genes in all 25 isolates. Many isolates had multiple identical or different ␤-lactamase gene variants, with at least 84 bla SHV and bla TEM gene copies among the 25 organisms. Sequencing identified the genes for the SHV-1, -2, and -5 enzymes and for four new SHV types (SHV-19, -20, -21, and -22). These new SHV variants had novel mutations remote from sites known to affect catalytic activity. Sequencing also found the genes for TEM-1, TEM-53, and one novel type, TEM-63. All the isolates had multiple and diverse plasmids. These complex and diverse patterns of ESBL production and strain epidemiology are far removed from the concept of an ESBL outbreak and suggest a situation in which ESBL production has become endemic and in which evolution is generating a wide range of enzyme combinations. This complexity and diversity complicates patient management and the design of antibiotic use policies.
␤-Lactamase production was investigated in cultures of 25 Klebsiella pneumoniae isolates isolated at a hospital in Durban, South Africa, in 1994 and 1996. Twenty of these isolates gave ceftazidime MIC/ceftazidime plus clavulanate MIC ratios of >8, implying production of extended-spectrum ␤-lactamases (ESBLs), and DNA sequencing identified an ESBL gene (bla TEM-53 ) in a further two isolates. Pulsed-field gel electrophoresis (PFGE) defined 4 distinct strains among the 12 isolates collected in 1994 and 9 distinct strains among the 13 isolates collected in 1996. In three cases, multiple isolates from single patients varied in their PFGE profiles and antibiograms, implying mixed colonization or infection. Isoelectric focusing and DNA hybridization found both TEM and SHV enzymes and their genes in all 25 isolates. Many isolates had multiple identical or different ␤-lactamase gene variants, with at least 84 bla SHV and bla TEM gene copies among the 25 organisms. Sequencing identified the genes for the SHV-1, -2, and -5 enzymes and for four new SHV types (SHV-19, -20, -21, and -22). These new SHV variants had novel mutations remote from sites known to affect catalytic activity. Sequencing also found the genes for TEM-1, TEM-53, and one novel type, TEM-63. All the isolates had multiple and diverse plasmids. These complex and diverse patterns of ESBL production and strain epidemiology are far removed from the concept of an ESBL outbreak and suggest a situation in which ESBL production has become endemic and in which evolution is generating a wide range of enzyme combinations. This complexity and diversity complicates patient management and the design of antibiotic use policies.
␤-Lactams are prescribed more often than any other antibiotics. This heavy usage has selected for resistance, which is most often caused by ␤-lactamases (17) . Recent concerns have centered on extended-spectrum ␤-lactamases (ESBLs), which are an increasing problem in members of the family Enterobacteriaceae in general and especially in Klebsiella spp.
Most ESBLs are variants of the classical TEM and SHV ␤-lactamases, but with one or more amino acid substitutions (22, 25 ; G. A. Jacoby and K. Bush, Amino acid sequences for TEM, SHV, and OXA extended-spectrum and inhibitor-resistant ␤-lactamases [http://www.lahey.org/studies/webt.htm]). These changes alter the catalytic center, permitting hydrolysis of oxyimino-aminothiazolyl cephalosporins. ESBLs have been reported worldwide, but most studies have examined producers collected in Europe, North America, and Southeast Asia (17, 25) , and only a few (2) have examined bacteria collected in Africa (20) . To redress this situation, we investigated ␤-lactamase types, including ESBLs, in nosocomial Klebsiella pneumoniae isolates collected at a major teaching hospital in Durban, Kwazulu-Natal, South Africa.
Although the primary purpose of the study was identification of the types of enzymes produced in South African isolates, the major finding was the remarkable diversity and complexity of ␤-lactamase and strain types among the small number of isolates examined.
MATERIALS AND METHODS
Bacterial cultures. The 25 K. pneumoniae isolates investigated were from clinical material collected at the King Edward VIII Hospital in Durban (Table 1) . This government-run institution is one of the largest tertiary-care hospitals in southern Africa, with 2,000 beds. Twelve isolates were collected during September and October 1994, and 13 were collected during June and July 1996. These organisms were selected solely because they were reported to be resistant to one or more oxyimino-aminothiazolyl cephalosporins by the diagnostic laboratory. The species of the organisms were verified by tests with the API 20E system (bioMerieux, Lyons, France). Isolates 117, 118, 122, and 202 were collected from a single patient (patient I) within 7 days in 1994; isolates 4183, 4265, 4744, and 8143 were collected from patient II within 1 month in 1996, and isolates 4175 and 4291 were collected from patient III within 6 days in 1996. Reference producers of SHV and TEM enzymes were described previously (18) . Escherichia coli NCTC 50192 served as a source of plasmid markers (16) .
Susceptibility testing. Susceptibility tests and ESBL detection were performed on Mueller-Hinton agar by Etests, which were used according to the manufacturer's directions (AB Biodisk, Solna, Sweden).
Strain typing. Total DNA was extracted from the isolates, restricted with XbaI (Promega, Madison, Wis.), and fingerprinted by pulsed-field gel electrophoresis (PFGE). Methods were as described previously (6) .
␤-Lactamase typing. Isoelectric focusing was performed on ultrasonic extracts by a protocol described elsewhere (19) . Genes for TEM and SHV ␤-lactamases were detected by hybridization. Briefly, total DNA was extracted from the isolates as described previously (11) and was restricted with SalI for detection of bla SHV and variously (see Results) with BamHI, HindIII, or HincII for detection of bla TEM . Restriction conditions were those suggested by the enzyme supplier (Promega). The restricted DNA was electrophoresed on 0.9% agarose gels, which were Southern blotted (24) and then hybridized with gene probes for bla SHV or bla TEM . These probes were generated from reference strains by PCR with primers 5Ј-ATGAGTATTCAACATTTCCGTG (positions 1 to 22, as numbered from the start of the enzyme-coding region) and 5Ј-TTACCAATGCTTA ATCAGTGAG (positions 861 to 840) for bla TEM and with 5Ј-ATGCGTTATA TTCGCCTGTG (positions 1 to 20) and 5Ј-GTTAGCGTTGCCAGTGCTCG (positions 865 to 846) for bla SHV . PCR conditions for bla TEM comprised a thermal ramp to 95°C for 3 min, followed by 30 cycles of 95°C for 1 min, 55°C for 1 min, and 72°C for 1 min; those for bla SHV comprised 95°C for 3 min and then 30 cycles of 94°C for 15 s, 60°C for 30 s, and 72°C for 1 min, followed by 5 min at 72°C. Hybridization was performed at 65°C under the conditions described by Sambrook et al. (24) with bla SHV and bla TEM gene probes generated from reference strains by PCR with the primers described above and labeled with digoxygenin (DIG DNA Labeling and Detection Kit; Boehringer Mannheim, Mannheim, Germany). The sizes of the restriction fragments were estimated by comparison with a 1-kb DNA ladder (Gibco BRL, Paisley, Scotland).
Sequencing of TEM and SHV genes. DNA fragments corresponding in size to those carrying ␤-lactamase genes were excised from 0.9% agarose gels that had been electrophoresed overnight at 46 V. The TEM and SHV genes were then amplified by PCR as described above. Only BamHI-restricted DNA was used as a source of bla TEM genes. The products were cleaned with either a QIAquick Gel Extraction or a PCR Purification kit (Qiagen, Crawley, West Sussex, United Kingdom) and were then sequenced with an ABI Prism Dye Terminator Cycle Sequencing Ready Reaction kit with AmpliTaq DNA Polymerase FS (PerkinElmer, Branchburg, N.J.). A GeneAmp PCR System 2400 (Perkin-Elmer) was used and was operated in accordance with the manufacturer's protocols. The extension products were purified by Ethanol Precipitation Protocol 1 (PerkinElmer) and were then loaded onto an ABI Prism 377 sequencer (Perkin-Elmer). The primers for sequencing bla TEM were 5Ј-TTCTGTGACTGGTGAGTACT (positions 324 to 305), 5Ј-GAGTAAGTAGTTCGCCAGTT (positions 595 to 576), and 5Ј-TTACCAATGCTTAATCAGTGAG (positions 861 to 840); those for bla SHV were 5Ј-ATGCGTTATATTCGCCTGTG (positions 1 to 20), 5Ј-CG TTTCCCAGCGGTCAAGG (positions 489 to 471), and 5Ј-GTTAGCGTTGC CAGTGCTCG (positions 865 to 846). All sequences were confirmed by two independent determinations and were analyzed with Sequence Navigator software (Perkin-Elmer). All the sequences were confirmed by two independent PCR experiments.
Plasmid profiles and transfers. Plasmids were extracted and electrophoresed by the method of Kado and Liu (14) , with E. coli NCTC 50192 (16) used as a source of molecular weight markers.
Nucleotide sequence accession numbers. The nucleotide sequence accession numbers for novel ␤-lactamase genes in GenBank were as follows: bla TEM-63 , AF045475; bla SHV-19 , AF117743; bla SHV-20 , AF117744; bla SHV-21 , AF117745; and bla SHV-22 , AF117746.
RESULTS
Strain structure and ESBL production. Table 1 summarizes the strain types, plasmid profiles, and ␤-lactamase characteristics for the isolates, and Table 2 shows the MIC data. Isolates were categorized as putatively ESBL positive on the basis of ratios of the MIC of ceftazidime to the MIC of ceftazidime plus clavulanate of 8 or more. Twenty isolates were ESBL positive on the basis of this criterion, with MIC ratios ranging from 8 to Ͼ128. For five isolates MIC ratios were less than 8, and it was inferred that the isolates lacked ESBLs, although two of these (isolates 117 and 118) later proved to have bla-TEM-53 , which may not have been expressed (see below). Among the organisms collected in 1994, isolates 79, 113, 114, and 122 gave PFGE restriction patterns identical to each other and it was inferred that they belong to an outbreak strain type, designated the type A strain. Isolates with PFGE patterns that differed from that of the type A strain by two or three fragments were categorized as subtypes of this strain. Thus, isolates 10 and 202 were designated subtype A1, isolate 73 was designated subtype A2, and isolates 91 and 117 were designated subtype A3. The other isolates collected in 1994 differed from outbreak strain type A and each other by 10 or more PFGE bands and were designated strain types B to D. Of the organisms collected in 1996, isolate 4291 belonged to type A, and isolate 4495 gave a similar profile and was designated subtype A4, whereas all the other organisms gave profiles unrelated to those seen among isolates collected in 1994. Isolates 4120 and 4448 differed by three fragments by PFGE and were designated types F and F1, respectively; the other isolates collected in 1996 differed from types A to F and from each other by Ն10 bands and were designated types G to L. In 1994, patient I yielded isolates 122 (type A), 202 (subtype A1), 117 (subtype A3), and 118 (type C). Isolates 4175 (type G) and 4291 (type A) were both collected from patient II in 1996 but were unrelated. Isolates 4265, 4744, and 8143 were collected from patient III in 1996, and all belonged to type E; isolate 4183 was from the same patient but belonged to type H.
␤-Lactamase identification. Five electrofocusing profiles were found among the isolates collected in 1994 and eight were found among those collected in 1996. The isolates expressed one to five ␤-lactamases each. Most isolates appeared to produce both TEM and SHV enzymes, as evidenced by isoelectric focusing bands in the regions typical of both enzyme families (pI 5.4 to 6.3 and pI 7.0 to 8.2, respectively). DNA hybridization confirmed this inference, detecting both bla TEM and bla SHV genes in all 25 isolates, including those for which the ceftazidime MIC/ceftazidime plus clavulanate MIC ratios were less than 8. Many isolates carried multiple bla TEM and bla SHV copies, as demonstrated by the hybridization of probes with multiple restriction fragments ( Table 1) . Among the ESBL producers collected in 1994, 3 had two bla TEM copies and 1 had two bla SHV copies; among 12 ESBL producers collected in 1996, 6 had two bla TEM copies and 5 had three copies; all 12 had two bla SHV copies. In 13 isolates, the multiple gene copies encoded the same ␤-lactamase; in 7 isolates different enzyme variants were encoded within an isolate. To identify some of the enzymes, DNAs corresponding to individual restriction fragments were excised and sequenced. In the case of the bla TEM variants, sequencing was undertaken only with fragments from BamHI-restricted DNA, not for additional TEM-encoding fragments revealed after digestion with HindIII or HincII. The latter fragments may have encoded additional enzyme variants.
The classical bla TEM-1 gene was identified in isolates 97, 122, 571, 4120, 4175, 4183, 4265, 4495, 4634, 4699, 4744, 4824, and 8143; and bla TEM-53 was identified in isolates 73, 113, 114, 117, 118, 4291, and 4448. It should be noted that the mature TEM-53 enzyme corresponds to TEM-12, as the mutation that distinguishes these enzymes (Leu21Phe) lies in the signal peptide (15) . Curiously, pI 5.2 bands (as predicted for TEM-12/53) were not seen for any of bla TEM-53 -positive isolates, suggesting that enzyme expression was minimal. The sequence that determined a novel TEM variant, TEM-63, was found in isolates 10, 79, 91, 202, and 4700; and details of the nucleotide and amino acid changes present in bla TEM-63 and its product are given in Table 3 .
Detection of pI 7.6 to 8. a Ratio of MIC of ceftazidime to the MIC of ceftazidime plus clavulanate at 4 g/ml, as determined by the Etest. b Numbers of SHV genes were estimated from Southern blots of whole genomic DNA digested with SalI and hybridized with a SHV-specific probe, and the numbers of TEM genes were estimated from Southern blots of whole genomic DNA digested with BamHI, HindIII, or HincII and hybridized with a TEM-specific probe. (2) , and the kinetics of these enzymes were not studied. Several isolates had ␤-lactamase activities with pIs of 6.3 and 6.8 (Tables 1 and  2 ). These may have been distinct non-TEM, non-SHV types, but they were not pursued.
␤-Lactamases and resistance. The 20 isolates that were phenotypically ESBL positive were resistant to piperacillin (MICs, Ͼ256 g/ml). Eighteen were susceptible to piperacillin-tazobactam (MICs, Յ16 and 4 g/ml, respectively), 16 were susceptible to amoxicillin-clavulanate (MICs, 8 and 4 g/ml, respectively), and 7 were susceptible to ampicillin-sulbactam (MICs, 8 and 4 g/ml, respectively). The MICs of oxyiminoaminothiazolyl cephalosporins were very variable among these 20 ESBL producers; those of ceftazidime were Ն1 g/ml for all the isolates and Ն4 g/ml for 19 of 20 isolates; the MICs of cefepime were consistently Յ4 g/ml but were two-to sixfold higher than those for ESBL nonproducers. Four of the five isolates for which ceftazidime MIC/ceftazidime plus clavulanate MIC ratios were below 8, including those with bla TEM-53 a Abbreviations: A, adenine; C, cytosine; G, guanine; T, thymine; Ala, alanine; Asn, asparagine; Glu, glutamate; Leu, leucine; Lys, lysine; Phe, phenylalanine; Ser, serine; Gly, glycine.
b Nucleotide numbering is in accordance with the AGT codon start of previously reported SHV sequences. (isolates 117 and 118), were fully susceptible to oxyiminoaminothiazolyl cephalosporins (MICs, Ͻ1 g/ml). The exception was isolate 4175, which had low-level resistance to these cephalosporins (MICs 1 to 4 g/ml) ( Table 2) . Susceptibility to piperacillin, amoxicillin-clavulanate, and ampicillin-sulbactam was variable among these five isolates (Table 2) , but all were susceptible to piperacillin-tazobactam (MICs, Յ4 plus 4 g/ml, respectively), aztreonam (MICs, Յ1 g/ml), and cefoxitin (MICs, Յ2 g/ml). Plasmid profiles. Nine different plasmid profiles were observed among the 12 isolates collected in 1994 and 11 different plasmid profiles were observed among the 13 isolates collected in 1996 (Table 1) . Isolates had one to seven plasmid bands ranging in size from 5 to 186 kb. Some isolates belonging to the same strain had similar plasmid profiles (e.g., isolates 10 and 73, isolates 113 and 114, and isolates 4265, 4744, and 8143), but there was also much variation in the profiles within the strains defined by PFGE.
DISCUSSION
We examined small numbers of K. pneumoniae isolates reported to be resistant to one or more oxyimino-aminothiazolyl cephalosporins at King Edward VIII Hospital in Durban, South Africa, in 2-month periods in 1994 and 1996. These organisms proved to be remarkably complex and diverse in their resistance patterns, ␤-lactamase combinations, and plasmid profiles. Twenty of the isolates had an ESBL phenotype, defined as a ceftazidime MIC-ceftazidime plus clavulanate MIC ratio of 8 or more. Two further isolates gave ceftazidime MIC/ceftazidime plus clavulanate MIC ratios below 8 but carried bla TEM-53 , which should give a mature product identical to TEM-12 (7; Jacoby and Bush, http://www.lahey.org/studies /webt./htm). The susceptibilities of the latter two isolates was perhaps explicable by the low level of expression of the TEM-53 gene, a view supported by the absence of electrofocusing bands with the characteristically low pI (pI 5.2) of TEM-12 (Table 1) (7). However, TEM-12 is among the weakest ESBLs (17, 19) , and the susceptibilities of these producers may reflect the low level of activity of this enzyme against oxyimino-aminothiazolyl cephalosporins.
The ESBL producers included multiple subvariants of one strain (PFGE type A), smaller clusters of representatives of other strains (e.g., types E and F), and a diverse scatter of single isolates (types B to D and G to L). Even within strains of types A and E, there was scatter in their antibiogram, plasmid profile, and ␤-lactamase types. Previous work on a multicenter collection of K. pneumoniae isolates with ESBLs from European intensive care units (ICUs) likewise revealed mixtures of epidemic and nonepidemic strains in many hospitals and found considerable microdiversity within epidemic strains in terms of their antibiogram, plasmid profile, and, to a lesser extent, ␤-lactamase subtypes (29) . Others, likewise, have described heterogeneity within outbreak strains of ESBL-producing K. pneumoniae strains (3, 10, 27) . The diversity of ESBL producers and the variations within the ESBL-positive strains were not, therefore, surprising. What was remarkable was the complexity of the present isolates. Specifically (i) three individual patients (patients I, II, and III) each yielded two different strains of klebsiellae over brief periods, (ii) many isolates carried multiple identical or different bla TEM were present. Most of the multiple isolates from patients II and III were from endotracheal aspirates, and it is not difficult to envisage colonization of the airways with multiple Klebsiella strains. The results for patient I were rather more surprising, insofar as three of the four isolates, including the unique isolate (isolate 118) were from peritoneal fluid or abdominal pus, suggesting a mixed infective population. Sequential or simultaneous isolation of unrelated strains of E. coli and K. pneumoniae from individual patients has been reported by others (4, 6, 13, 26) , and Weller et al. (27) reported that multiple subvariants of a strain could persist in an infective population without any one becoming dominant.
All the isolates had both the bla TEM and bla SHV genes, and 20 isolates had multiple copies of one or both of these genes. Carriage of multiple copies was more frequent among the isolates collected in 1996 (29 bla TEM copies and 26 bla SHV copies among 13 isolates) than among those collected in 1994 (16 bla TEM copies and 13 bla SHV copies among 12 isolates). The greater proportion of isolates with three or more enzymes in 1996 may imply that complexity was increasing with time, but comparison is confounded by the small numbers of isolates, because an epidemic strain (strain A) was more prevalent in 1994, and because we cannot discount ESBL loss during storage. It should also be reemphasized that the present results almost certainly underestimated the prevalences of the bla SHV and bla TEM genes, as the use of different restriction endonucleases increased the number of bla TEM -bearing fragments identified, and the same effect might be anticipated if multiple endonucleases had been used before probing for bla SHV . Moreover, one route to ␤-lactamase hyperproduction is gene amplification (20) , and with restriction enzymes lacking internal sites in the TEM and SHV genes (i.e., BamHI, HindIII, and SalI), only one hybridizing fragment would be generated regardless of whether a TEM or SHV gene existed alone or was flanked by copies of itself. With HincII (which has a site internal to bla TEM ), each bla TEM copy would yield two hybridizing fragments, whereas two or more linked copies would still yield only three different sizes of hybridizing fragments. The presence of multiple gene copies increases the likelihood of enzyme hyperproduction, potentially increasing resistance to weak substrates and ␤-lactamase inhibitor combinations (17) . Nevertheless, most of the present isolates were susceptible to piperacillin-tazobactam (23 of 25 isolates) and amoxicillin-clavulanate (17 of 25 isolates). Multiple TEM ␤-lactamases have previously been found in single isolates (5, 21) , as have combinations of TEM and SHV enzymes (8, 12, 28) . Simultaneous production of multiple SHV ESBLs by single isolates has rarely been reported previously, and we believe that the present study is the first to record definitively isolates with multiple ESBLs of both the TEM and SHV families, although a similar situation was inferred from electrofocusing data by Yang et al. (28) .
A novel TEM ␤-lactamase, TEM-63, was found in five isolates. It had four substitutions compared with the sequence of TEM-1: Leu21Phe, which lies in the signal peptide (9); Glu104Lys, which occurs in many TEM ESBLs (15); Arg164Ser, which widens the binding cavity to accommodate the bulky side chains of oxyimino-aminothiazolyl cephalosporins (15); and Met182Thr. Met182Thr also occurs in several inhibitor-resistant TEM ␤-lactamases (15) and in the TEM-43 ESBL (28) ; it augments rather than causes inhibitor resistance (15) , and the present TEM-63 producers were susceptible to the inhibitor combinations tested (Table 2) . TEM-63 has also been described from K. pneumoniae, E. coli, and Proteus mirabilis strains isolated in Durban, Johannesburg, and Cape Town, South Africa (13), and this enzyme, which has not been found elsewhere, may be locally prevalent in South Africa.
Besides TEM-63, four new bla SHV variants were found and numbered SHV-19 to SHV-22. SHV-19 was found in 12 isolates, including 9 of 11 representatives of type A; it was distinguished from SHV-1 by Leu173Phe, a conservative substitution remote from any site associated with ESBL activity but lying within the omega loop. This mutation site and the lack of resistance to oxyimino-aminothiazolyl cephalosporins in organisms with SHV-19 plus TEM-1 (isolates 97 and 122) argue against the SHV-19 enzyme being an ESBL. SHV-20 likewise had Leu173Phe but also had the Gly238Ser substitution, which is almost universal in SHV ESBLs and which is the sole feature that distinguishes the SHV-2 ␤-lactamase from SHV-1 (15) . SHV-20 therefore has the same relationship to SHV-2 that SHV-19 has to SHV-1. SHV-21 had both the substitutions present in SHV-20 and Leu122Phe, another conservative substitution remote from any site known to be associated with ESBL activity. The remaining mutant, SHV-22, resembled SHV-5 in having both Gly238Ser and Glu240Lys, but additionally, it had Asn158Lys, which affected another site not known to be associated with ESBL activity.
SHV-19 was predominantly found in isolates of type A but was not exclusive to this lineage, being found also in isolates of types B, C, and F1. Other enzymes with Leu173Phe, specifically, isolates with SHV-20 and SHV-21, were found in nontype A strains, and this mutation is also present in SHV-23, which was found in a K. pneumoniae isolate collected at the same hospital in 1990 (unpublished data). It seems that SHV variants with Leu173Phe are something of a local feature at King Edward VIII Hospital; whether they occur elsewhere in South Africa remains unknown.
In summary, the present study showed that ESBL dissemination at King Edward VIII Hospital reflected the evolution and spread of multiple different enzymes and strains. Even klebsiellae (ESBL producing or not) from single patients varied, belonging to different strain types and having different ␤-lactamases. Many of the ESBL producers had multiple identical or different bla TEM and bla SHV copy numbers. Some of these gene copies encoded TEM-63, a novel ESBL, and others encoded SHV-19 to SHV-22. In this situation of complexity and diversity, the concept of an ESBL outbreak is redundant; such complexity complicates the design of reliable antibiotic use policies, as well as the molecular biology-based investigations of resistance.
